Calculation of Ni 2p photoelectron spectra for NiO has been performed within a picture which takes into full account the itinerant character of valence electrons and the localized many-body interaction between core and valence electrons. The results of an ab initio band-structure calculation are used as an input for the calculation of self-energy correction and spectral function according to a three-body scattering solution of a many-body Hamiltonian which includes the Coulomb repulsion between core and valence states. The calculated spectrum shows, in agreement with experimental data, a doubly peaked main line which can be attributed to two independent relaxation processes involving valence-band Ni d states of either pure or hybridized orbital character.
The response of a solid to the creation of a core hole is a complex phenomenon where many-body effects associated to localized electron-electron interaction may play a major role. In nearly all transition-metals ͑TM͒ and transition-metal oxides, where valence d states are fairly localized and the interaction between the core hole and the valence electrons is strong, x-ray photoemission spectra ͑XPS͒ from core levels exhibit characteristic features which cannot be interpreted in the single-particle picture and are the fingerprint of electronelectron correlation. 1, 2 For TM oxides the final state of a XPS experiment is usually described in terms of excited configurations of a TM-O cluster. 3 This approach in its simplest form ͑one single TM atom surrounded by atoms of the ligand͒ does not account for all the aspects of the core XPS of NiO, in particular, it does not explain the doubly peaked structure of the main line of the Ni 2p XPS. It has been recently shown that this feature can be reproduced by only using a cluster with more than one nickel atom:
4 the higher binding energy structure of the main peak is attributed to a nonlocal screening channel, i.e., to a screening hole not coming from the same Ni site of the core hole, but from a neighboring Ni-O unit. Similarly, the shape of the leading peak in Cu corelevel spectra in various cuprates has been shown to depend on the lattice geometry and valence electronic structure. 5 It is then clear that, in spite of the strongly localized character of the electron states and of the interactions, a purely atomistic description of the core ionization process is not possible and that the relaxation process following the creation of a core hole in one particular site strongly involves the nearby atoms. 6 This is another manifestation of the interplay between the itinerant and localized character of electron states, i.e., between intra-site and inter-site charge fluctuations dominating the physics of transition metals and TM oxides.
Following this line of thought we present a description of core-level XPS where two extreme scenarios are put together and treated on the same footing: on one hand the localized picture and the configuration-interaction scheme to treat many-body effects associated with electron-electron on-site interactions; on the other hand the band picture and the firstprinciple calculations of the band structure, where all the single-particle interactions-and in particular, the solid-state interaction between the TM atoms and the ligand-are treated at best. The advantage of this approach is to allow for a more direct and deeper understanding of the role of solidstate bonding in core-level XPS.
The strong hybridization of TM d orbitals with p orbitals of the ligand is reproduced quite naturally in the band picture giving rise to a single-particle density of states with two disconnected energy ranges, namely a region of pure d states and a region of states hybridized with ligand p orbitals at higher binding energies. This feature is common to all the TM oxides. When a core hole is photoexcited in the presence of this doubly peaked continuum two different shake up processes are expected to take place, involving valence holes of different orbital character-either pure d or mixed with oxygen orbitals-and different energies ͑Fig. 1͒; these two well separated excitation processes can be responsible of distinct features in the core photoemission spectra.
To make this physical description quantitative we have applied the three-body-scattering ͑3BS͒ approach 7 to the prototypical case of NiO: the many-body Hamiltonian -containing on site core-valence Coulomb interactions-is projected on a set of states obtained by adding a finite number of electron-hole pairs to the ground state of the singleparticle band Hamiltonian. The expansion is truncated to include just one e-h pair, i.e., configurations with just three particles ͑two holes and one electron͒ corresponding to the situation shown schematically in Fig. 1͑b͒ . The method can be seen as an extension to the solid state of the configuration-interaction scheme commonly used for finite systems; it fully includes the itinerant character of the valence states and treats the on-site many body electron electron interaction beyond mean field and nonperturbatively. This method has been successfully applied to study valence states in TM, 8 transition-metal oxides, 9 and cuprates 10 and to reproduce the spin polarization of XPS measurements of Ni 2 p core level. The quantity we are interested in is the core-hole spectral function
Here ⑀ c is the core energy level renormalized by core-core interaction; 12 ⌺ c () is the self-energy correction which in the present approach is associated to hole-hole and holeelectron multiple scattering
Here The hole-hole scattering associated with the on-site interactions is described by T matrices T hh cd and T hh cd for scattering between antiparalell and parallel spin holes respectively; they are given by
Finally, A cd (Ã cd ) describes antiparallel ͑parallel͒ spin holeelectron scattering; A cd and Ã cd are determined by a numerical solution of an integral equation as described in detail in Ref.
12. In the limit of an almost filled d band ͑low valence hole density͒ the electron-hole scattering channel would be ineffective and A cd and Ã cd would be negligibly small: the 3BS theory reduces then to the much simpler T-matrix result. 13, 14 We have performed a first-principle band-structure calculation for NiO using the linear muffin-tin orbital method ͑LMTO͒ in the atomic spheres approximation including the combined correction term. 15 In order to clarify the physical content of the theory we have neglected the magnetic ordering by considering the case of paramagnetic NiO. The output of this band calculation enters the present approach in two 
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ways: the orbital density of states ͓Fig. 1͑a͔͒ is used to evaluate self-energy corrections according to expression ͑1͒; core and valence eigenfunctions c (r) and d (r) are employed to calculate U cd and J cd as screened Coulomb and exchange integrals Tables I and II . Figure 2͑a͒ shows the calculated self-energy ⌺ c () for the creation of a 2p core hole in NiO. It exhibits a double peaked structure which is a direct consequence of the two distinct features in n d (⑀) associated with pure and hybridized d states. In particular, the structure at Ϫ860 eV is clearly associated to hybridized states since a density of states without the hybridized part would produce a selfenergy without this structure. As a consequence the corresponding spectral function ͓Fig. 2͑b͔͒ shows three separated peaks. The satellite structure at Ϫ860 eV is a short-lived excitation occurring at an energy where the imaginary part of self-energy has a maximum. The two sharpest structures are associated with poles of the hole propagators ͓i.e., to energies such that Ϫ⑀ c Ϫ⌺ c ()ϭ0]. These poles occur in a region where the imaginary part of self-energy is small and therefore correspond to long-lived excitations. The existence of three distinct peaks is a direct consequence of the two structures in ⌺ c () and the above discussion on their origin allows us to confirm the physical interpretation of Fig. 1͑b͒ : the two lower binding energy peaks are attributed to the scattering of the core hole with pure d electrons and the higher binding energy peak to the scattering with hybridized d electrons.
The overall shape of the 2p XPS spectrum is closely connected with the hybridization between the atom and the ligand: the very existence of the peak at Ϫ860 eV, the satellite energy position and the relative intensities of the structures are determined by the doubly peaked structure of the single-particle density of states. Any change in the surroundings of the TM atom ͑defects, surface termination, different ligand species, etc.͒ affecting the TM single-particle density of states and, in particular, its hybridized part will influence the 2 p XPS spectra. The present approach, where the solidstate bonding between the TM atom and the ligand is described very accurately in terms of single-particle band structure and density of states, is particularly suitable to describe these effects.
The physical picture coming out of this approach emphasizes the itinerant character of valence electrons: since the energy scales of bandwidth and on-site core-valence Coulomb interaction are comparable, the finite band width cannot be neglected and influences the spectral line shape. The advantage of the present method is to avoid the drastic approximations used in most approaches describing the itinerant character of valence electrons either in terms of cluster models, 16 or using simplified lattice Hamiltonians. 17, 18 All the scattering channels, as schematically depicted in Fig. 1͑b͒ , involve itinerant band states ͑either pure Ni d or mixed Ni d -O p states͒. In this sense the distinction between intra-site and inter-site screening processes used within atomic or cluster Ansatz 4,21,22 is no more valid in this context and the screening is always intrinsically nonlocal.
It is well known that the overall shape of 2p core-level spectrum is very similar to the valence-band photoemission spectrum; 23 this similarity is not quite expected in an atomistic model because the valence d electron count is different by one in core-level and valence-band photoemission. On the contrary, the present approach explains this similarity quite naturally: in both cases the valence-band density of states is the key quantity, defining scattering channels and their intensity. The self-energy correction to valence states calculated within the same 3BS approach exhibits the same characteristic doubly peaked structure responsible of a doubly peaked main line in the valence-band spectral function. 9 In summary, we have shown that the interplay between intra-site and inter-site charge fluctuations in core photoemission can be properly taken into account even in the case of a real solid ͑namely not a cluster͒. The creation of a core hole in a Ni site is followed by a relaxation process involving 3d electrons strongly hybridized with oxygen; we can attribute the lower binding energy peak to the scattering of the core hole with pure d electrons, and the higher binding energy peak to the scattering with hybridized d electrons. The itinerant, hybridized character of valence states is crucial in order to reproduce the observed line shape. 
